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Abstract
This paper reviews the application of coherent acoustic phonons
in the form of piezoelectrically-generated surface acoustic waves
to control the response of integrated photonic acousto-optic
waveguide structures. We first address the fundamental proper-
ties of the acoustic fields in piezoelectric materials as well as the
piezoelectric generation of surface acoustic waves using inter-
digital transducers. The mechanism responsible for the interac-
tion between light and the acoustic modes in the photonic waveg-
uide structures and the modulation of the response of the devices
is carefully reviewed. Next, we discuss the most important de-
velopments in the field of integrated acousto-optical device ap-
plications, with focus on devices built upon three-dimensional
optical waveguides. Finally, prospects for acousto-optic device
applications by use of surface acoustic waves are summarized.
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1 Introduction
Most of nowadays long-distance information transmission is
made in the optical domain by optical fibres arranged in large
optical networks worldwide. Nevertheless, most of the transmit-
ted information is still processed electronically at the nodes of
the optical networks, which substantially limits data throughput,
and the device level. This makes it necessary to develop efficient
interfaces for the conversion of photons into electrons and vice
versa, which is undesirable from a pragmatic perspective. More-
over, the achievable time response of electronic systems is con-
siderably slower than the one expected for optical components.
Therefore, in order to take advantage of the fast time response
inherent to optical phenomena, it is also necessary to perform at
least part of the information processing in the optical domain.
The development of integrated photonic circuits for the ef-
fective optical processing of information requires the efficient
confinement and guiding of light at the micron-scale using inte-
grated optical waveguides (WGs), as well as methods to control
its propagation. The latter can be achieved if the WG structure
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is turned into a tunable medium by changing its dimensions or
optical properties as required. The most straightforward way of
actively controlling the propagation of light in WGs consists in
changing the temperature of the medium through the thermo-
optic effect. Temperature changes are accompanied by changes
in the volume of the medium (i.e. the atomic spacing in the crys-
talline structure), which directly effects its electro-optic proper-
ties. This results in the tuning of the dielectric constant  and
the refractive index n of the WG material. Some examples of
thermally-tuned devices reported so far with time responses in
the low MHz frequency range include a Si Fabry-Pe´rot micro-
cavity in which tuning is achieved by way of direct current flow
through the structure [1], or the direct heating of a Si WG by use
of a p-n junction embedded in the WG center [2]. A further strat-
egy makes use of electric fields to change the optical properties
of the WG material. If the latter lacks center of inversion (i.e.,
it is piezoelectric), the change of n is in proportion to the ap-
plied electric field (linear electro-optic effect or Pockels effect).
This tuning technique enables very fast devices operating in the
GHz range [3, 4]. If the WG material has inversion symmetry
(i.e, it is non-piezoelectric), the change of the refractive index is
in proportion to the square or even higher powers of the electric
field (Kerr effect). In practical devices, this technique is usually
implemented by irradiating the WG material with a secondary
optical beam of high intensity. The electric field of the incident
secondary light beam interferes with the underlying media, mod-
ulating its optical properties and enabling very high switching
frequencies [5–7]. Additionally, free-carrier injection by means
of electric or optical means has been investigated for tunable
photonic structures in GaAs/AlGaAs [8], InP [9], or Si [10]. In
this case, the refractive index increases or decreases when carri-
ers are respectively depleted from or injected into the WG ma-
terial [10]. Finally, externally applied strain has also been pro-
posed as a tuning technique for integrated photonics [11,12]. As
will be explained in Section 4, the dielectric properties of the
WG material are modified in this case by the variations of the
volume and symmetry of the crystal induced by the strain field
(elasto-optic effect).
In this paper, we review the modulation of the optical prop-
erties of photonic structures using the dynamic strain field gen-
erated by acoustic waves. In particular, we focus on acoustic
modes that propagate close to the surface of the medium or at
the interface between two materials with different elastic prop-
erties. These modes are generally referred as surface acoustic
waves (SAWs). In piezoelectric materials, SAWs can be elec-
trically generated by planar interdigital transducers (IDTs) [13]
and offer, therefore, the best possibilities for active integrated
photonic applications. Historically, the initial studies addressed
the unguided propagation of sound and light in bulk structures.
The development of the first IDTs for the piezoelectric genera-
tion of SAWs and the first planar two-dimensional (2D) optical
WGs [14] made it possible to scale acousto-optic functionalities
down to the chip level. In this way, first integrated acousto-optic
devices were mainly based on Bragg diffraction of guided light
beams by SAW beams in 2D slab optical WGs. A whole class of
integrated acousto-optical devices devices, such as light modula-
tors [15,16] or light switches [17,18], were demonstrated during
the first years. An extensive review of the earliest developments
can be found in e.g. [19] and references therein. In this topical
review, we will concentrate on recent developments related to
the acousto-optical modulation of three-dimensional (3D) rect-
angular WGs. The paper is organized as follows: Section 2 gives
an overview of optical waveguiding using 3D rectangular WGs.
Section 3 describes the properties of surface acoustic modes as
well as the fundamentals of SAW excitation and guiding. The
effects of the SAW-induced strain on the optical properties of
semiconductors, as well as the modulation of the optical prop-
erties of WG structures are then described in Section 4. In the
subsequent sections, we review the acoustic modulation of dif-
ferent types of photonic structures, namely ring resonators (Sec-
tion 5) and interferometers and multiplexers (Section 6). Finally,
some conclusions of the state of the art as well as some futures
perspectives are given in Section 7.
2 Overview of optical waveguiding
Integrated optical WGs play a fundamental role in the transmis-
sion of optical information between the different photonic com-
ponents just like conductive pads in integrated electronic cir-
cuits. The simplest planar WGs are based on a semiconductor
2D planar layer surrounded by two cladding layers with lower
refractive index [14], which confine light via total internal re-
flection. By placing rectangular boundary walls, 3D rectangu-
lar WGs [20] can be engineered to provide light confinement in
an additional spatial dimension. Here, the higher light confine-
ment allows for minimizing the interaction (crosstalk) between
adjacent components, thus enabling dense on-chip integration of
photonic structures. During the past forty years, the vast major-
ity of developments such as optical modulators/switches [21–23]
or on-chip lasers [24, 25], among others, have made use of 3D
rectangular WGs.
Figure 1(a) shows a sketch of a 3D rectangular WG (also re-
ferred as rib WG) of width w. The structure is etched to a depth
H −h on a guiding layer of refractive index nf placed on top of
a layer of refractive index ns and capped by a layer of refractive
index nc (usually air), satisfying the conditions nf > (ns, nc).
If the guiding layer is completely etched, the structure is com-
monly referred as ridge WG. The guiding mechanism of the WG
is described in Figure 1(b), where a side (y − z plane, upper
panel) and top view (x− z plane, lower panel) of the WG struc-
ture, together with the rays of the guided modes, are displayed.
The dotted red line in the diagram on top of each panel indicates
the position of the view plane with respect to (a). In general,
guided modes (i.e. field distributions that do not change their
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Figure 1: (a) Drawing of a 3D rectangular WG (also referred as rib WG) of width w, etched to a depth h. The guiding layer,
with refractive index nf , is placed on top of a layer of refractive index ns and capped by a layer of refractive index nc, with
nf > (ns, nc). (b) Side (upper panel) and top view (lower panel) of the WG structure shown in (a), together with the rays of the
guided modes. When the angle of incidence reaches Θ (in the x − z plane) and Ξ (in the y − z plane), total internal reflection
occurs at the interfaces between WG regions with different refractive index. As a consequence, the optical waves travel following
a zig-zag path along the rectangular WG section. (c) Optical field distribution corresponding to the fundamental HE00 mode of a
GaAs/AlGaAs rib WG structure calculated for λ = 900 nm, h = 150 nm, H = 300 nm, and w = 900 nm.
shape during propagation) can only propagate if total internal
reflection occurs both at the top and lateral WG walls. Whether
this occurs or not is determined by two critical angles, namely θ
(y−z plane) and χ (x−z plane), which depend upon the refrac-
tive index contrast at the top and lateral interfaces, respectively.
When the angle of incidence α > (θ, χ), total internal reflection
occurs at both interfaces and the optical waves travel following
a zig-zag path along the rectangular WG section. The optical
fields that do not satisfy the total internal reflection conditions
are not guided and couple to radiation or substrate modes. A
thorough explanation as well as a complete mathematical treat-
ment can be found e.g. in [26].
The propagation of the optical fields in WGs of arbitrary shape
is described by the vector wave equations for the electric ~E and
magnetic ~H fields. These, assuming that the material forming
the WGs is dielectric, and non-magnetic, can be written as [26,
27]:
∇2 ~E − µ00n2 ∂
2 ~E
∂t2
= 0 (1)
∇2 ~H − µ00n2 ∂
2 ~H
∂t2
= 0 (2)
where ~∇ ≡ (∂/∂x, ∂/∂y, ∂/∂z), n is the refractive index,
µ0 and 0 are the vacuum permeability and permittivity, re-
spectively, and × indicates the vector product. If we assume
monochromatic fields with a sinusoidal time dependence, 1–2
can be rewritten as [26, 27]:
∇2 ~E − µ00n2ω2 ~E = 0 (3)
∇2 ~H − µ00n2ω2 ~H = 0 (4)
with ω the angular frequency. Assuming that the optical fields
propagate along the zˆ axis, 3–4 admit solutions of the form [26,
27]:
~E = ~Eνe
−iβνz (5)
~H = ~Hνe
−iβνz, (6)
corresponding to the WG modes, with ν denoting the order of
the mode. It should be noted that, in 3D WGs, ν stands for the
pair (m, p), with m and p the number of nodes along the xˆ and
yˆ directions, respectively. Here, z is the light propagation direc-
tion, ~Eν and ~Hν are the field modal distributions, and βν is the
phase propagation constant of each mode, which describes the
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phase change of the propagating field along the WG. Thus, βν
is a measure of the wave number k = 2pi/λ inside the material,
λ being the light wavelength. The phase propagation constant
allows us to define two important magnitudes, namely the effec-
tive refractive index neff,ν and the phase velocity v of the WG
mode ν, as [26, 27]:
βν = neff,ν
ω
c
=
ω
v
. (7)
Here, neff,ν quantifies the refractive index that is effectively
“seen” by the WG mode ν during propagation along complex
structures with a given refractive index spatial distribution (as,
for instance, 3D WGs), and therefore depends strongly on the
geometry of the structure. It can be computed numerically us-
ing a number of techniques including e.g. the effective index
method [26, 27].
All modes of a WG having a different propagation constant
βν along the zˆ direction are mutually orthogonal. It is useful
to decompose the fields into the longitudinal field components
~Ez = (0, 0, Ez) and ~Hz = (0, 0, Hz), and into the transverse
field components ~Et = (Ex, Ey, 0) and ~Ht = (Hx, Hy, 0). This
allows us to write the orthogonality relation between two modes
with different propagation constants along the zˆ axis, βν 6= βµ,
as [26]: ∫ ∫ ∞
−∞
~Et,ν × ~H∗t,µdxdy = 0 for βν 6= βµ (8)
where ∗ stands for the complex conjugate. A detailed theoretical
demonstration of this important relation can be found in [26,27].
In the simplest case of 2D planar WGs, the guided modes can
be described in terms of TE (transverse electric, i.e. Hy = Ez =
Ex = 0) or TM (transverse magnetic, i.e. Ey = Hz = Hx = 0)
modes. In 3D rectangular WGs, Ez and Hz do not vanish and
the TE and TM modes give rise to hybrid H˜Emp and E˜Hmp WG
modes where, as already mentioned, m and p denote the num-
ber of nodes along the xˆ and yˆ directions, respectively. In real
3D rectangular WGs, however, the refractive index difference
between the core and the cladding layer is usually small. As a
consequence, the angle between the zˆ axis and the propagation
direction along the zig-zag path of the waves is also small [26].
This means that the WG modes are strongly polarized along the
xˆ or yˆ direction and behave as quasi-TE or quasi-TM modes.
This allows us to classify them according to the direction of the
dominant transverse electric field component [26]:
HE modes :
{ |Ey|  |Ex| , |Ez|
|Hx|  |Hy| , |Hz| (9)
and
EH modes :
{ |Ex|  |Ey| , |Ez|
|Hy|  |Hx| , |Hz| . (10)
The exact calculation of the modal field distributions ~Eν =
~Emp and ~Hν = ~Hmp as well as the propagation constants βν is
not possible for H˜Emp and E˜Hmp WG modes, and only approx-
imate numerical solutions can be found. Figure 1(c) shows the
simulated optical field distribution corresponding to the funda-
mental HE00 mode of an (Al,Ga)As rib WG structure assum-
ing an optical wavelength λ = 910 nm, h = 150 nm, and
w = 900 nm. The field distribution was calculated numerically
using the beam propagation method [28] in combination with
the effective index method [26]. The guiding layer consists of
a GaAs layer of thickness H = 300 nm deposited on top of a
1500-nm-thick Al0.2Ga0.8As layer. The upper part of the guid-
ing layer is surrounded by air (nc ≈ 1). The refractive indices
considered in the calculation are 3.578 and 3.415 for the GaAs
and Al0.2Ga0.8As layers, respectively. This results in an effec-
tive refractive index neff = 3.45734 for the fundamental HE00
mode at λ = 910 nm. Throughout the remainder of this review,
we will simply refer to H˜Emp and E˜Hmp WG modes as TE or
TM modes, respectively.
3 Surface acoustic waves in piezoelectric semi-
conductors
3.1 Surface acoustic modes on semiconductor structures
The different types of acoustic waves propagating along a homo-
geneous solid medium can be obtained after solving Newton’s
equation of motion for the particle displacement ~u [29–32]:
∇ · T = ρ∂
2~u
∂t2
, (11)
by taking into account the piezoelectric constitutive relations
given by:
T = cS − σ ~F
D = σS + ~F .
(12)
Here, T and S are the stress and strain tensors, whereas ~F
and ~D are the piezoelectric and electrical displacements fields,
respectively. In this paper, tensors will be denoted by bold char-
acters, whereas vector fields will be denoted by an arrow. In
addition, we will use a reference coordinate system defined by
the unit vectors xˆ, yˆ, and zˆ with xˆ parallel to the wave propaga-
tion direction. In the case of surface modes, we will assume that
yˆ is perpendicular to the surface.
As the speed of sound is small compared to the speed of light,
the piezoelectric field ~F can be written in terms of the piezo-
electric potential ΦSAW as ~F = −~∇ΦSAW (quasi-static approx-
imation). The material parameters involved in 11 and 12 are the
density (ρ), the elastic stiffness (c), the piezoelectric (σ), and the
dielectric () tensors, respectively. From these two equations, it
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can be inferred that the mechanical wave is accompanied by an
electrical field in piezoelectric materials , as both equations are
coupled by the piezoelectric tensor σ, with c and  accounting
for the elastic and electrical properties of the material, respec-
tively.
The solutions to 11 and 12 correspond to plane elastic waves
propagating in a piezoelectric medium with increased elastic
constants c′ = c(1+K2). Here,K2 = σ2/c is the electrome-
chanical coupling constant tensor, which determines the electro-
acoustic conversion efficiency in a piezoelectric material. This
effect, which is usually referred as piezoelectric stiffening, in-
creases the propagation velocity of plane acoustic waves due to
piezoelectricity. From the definition ofK2 given above, it can be
clearly seen that the phase velocity of the elastic waves depends
simultaneously on the dielectric (), piezoelectric (σ), and the
elastic properties (c) of the medium, which are, at the same time,
strongly dependent on both the crystal cut and the propagation
direction of the waves. In general, there are three independent
bulk elastic modes for a given wave vector ~k, with phase veloc-
ity vi =
√
c′i/ρ (for i = 1, 2, 3), where c
′
i are the increased elas-
tic constants of the material in the propagation direction of the
mode i. These waves are usually referred as bulk acoustic waves
(BAWs). One of the resulting waves has its polarization vector
(which indicates the direction of the particles displacement) ap-
proximately parallel to the direction of propagation defined by
~k, and thus it is called quasi-longitudinal acoustic wave. The
other two waves have polarization vectors almost perpendicular
to the direction of propagation and are called quasi-transverse
or quasi-shear acoustic waves. For isotropic materials as well
as for propagation along high symmetry directions in a crystal,
the polarization of the waves can be exactly transverse or paral-
lel to the direction of propagation. In this case, the three waves
become pure modes, which can be classified according to their
particle displacement pattern as longitudinal (LA) or transverse
(TA) acoustic modes.
In the presence of a free piezoelectric surface located at x =
xs, surface elastic modes localized near the surface can appear if
the appropriated boundary conditions are satisfied. These modes
propagate parallel to the interface with a phase velocity vSAW
determined by the crystal cut and propagation direction, and with
displacement and potential amplitudes decaying rapidly towards
the bulk. The continuity of the stress and electrical displacement
field imposes the following boundary conditions at the surface:
Tjx
(
x = x−s
)
= 0
Dx
(
x = x−s
)
= Dx
(
x = x+s
)
,
(13)
for j = x, y, z, where the symbols (−) and (+) make refer-
ence to the regions just below and above the surface defined by
x = xs, respectively. Surface acoustic modes correspond to so-
lutions of 11 and 12 which are confined near the surface (i.e.,
with amplitude decaying to zero as |y| → ∞) and, simultane-
ously, fulfill the boundary conditions given by 13. These SAW
modes have a linear energy versus wave vector (~kSAW) disper-
sion relation. If the medium is not homogeneous but comprises
two or more layers, the boundary conditions given by 13 must
be applied to the interfaces between the constituent layers. For
two adjacent layers grown along xˆ with interface at the plane
x = xint, the continuity of the stress and electrical displacement
field imposes the following boundary conditions at the interface
between the layers:
Tjx
(
x = x−int
)
= Tjx
(
x = x+int
)
Dx
(
x = x−int
)
= Dx
(
x = x+int
)
,
(14)
for j = x, y, z, where the symbols (−) and (+) again make ref-
erence to the regions just below and above the interface defined
by x = xint, respectively. In general, the presence of a free sur-
face at x = xs decreases the stiffness of the solid, causing vSAW
to be slightly lower than the phase velocity expected for BAWs.
Moreover, because the amplitude of surface acoustic modes re-
duces with depth along yˆ, the electromechanical coupling con-
stant tensor K2 must be replaced in this case by an effective
counterpart K2eff . Given the crystal cut and propagation direc-
tions, it can be approximated by K2eff ≈ (vSAW − v0) /vSAW,
where v0 is the SAW phase velocity when the surface is shorted
by a massless thin conducting metal film [31, 33]. There are
several types of surface acoustic modes, which have been thor-
oughly described in the literature [29,31,32]. Of particular inter-
est are Rayleigh-type surface acoustic modes, which are a gener-
alization of the well-known Rayleigh waves in isotropic media.
Rayleigh-type SAWs result from the coupling between a lon-
gitudinal acoustic mode and a transverse acoustic mode polar-
ized perpendicular to the surface (i.e., the acoustic modes are
phase-shifted by pi/2 with respect to each other). The parti-
cle displacement follows an elliptical path with the major axis
perpendicular to the surface plane defined by x = xs. As ex-
pected for surface acoustic modes, the amplitude of the particle
displacement decays exponentially with depth. For certain crys-
tal cuts and propagation directions, the acoustic modes travel ac-
companied by a piezoelectric component that propagates perpen-
dicular to the surface plane and therefore, can be excited electri-
cally by means of IDTs, which will be discussed in Section 3.2.
As an example, the Rayleigh-type surface acoustic mode propa-
gating along the [110] direction of a (001) GaAs surface is piezo-
electric and can be excited electrically using IDTs. This makes
these crystal cut and propagation directions particularly attrac-
tive for planar integrated acousto-optic devices on GaAs. On
the contrary, the Rayleigh-type surface acoustic mode propagat-
ing along the [100] direction of the same GaAs surface is non-
piezoelectric. These non-piezoelectric modes can be excited by
placing the IDTs on a piezoelectric film deposited on the sub-
strate.
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3.2 Excitation of surface acoustic waves
Surface acoustic modes are commonly excited using short laser
pulses or electrically through the inverse piezoelectric effect. In
the former case, [34] a pulsed laser heats the target material, gen-
erating a local strain field (thermo-elastic effect) that propagates
along the surface of the sample in the form of a SAW. In the
latter [13, 31, 35–37], the surface modes are excited electrically
using IDTs deposited on the surface of a piezoelectric material.
Conversely, an IDT can also be used to detect an incident SAW
beam by means of the direct piezoelectric effect. This twofold
mode of operation, together with the planar format and the ease
of fabrication using standard techniques such as optical lithog-
raphy or electron-beam lithography, makes IDTs ideal for inte-
grated acousto-optic functionalities.
An IDT comprises a planar periodic array of thin-film metal
stripes or electrode fingers connected to two contact pads. Its
resonance frequency, as well as the SAW wavelength (λSAW),
are defined by the spatial period of the electrode finger array.
When a sinusoidal radio-frequency (RF) signal is applied be-
tween the two contact pads, the polarity of the electric field cre-
ated between the electrodes alternatively changes from one elec-
trode to the next. This changing electric field generates a peri-
odic strain by means of the inverse piezoelectric effect, in such a
way that each period of electrode fingers acts as a source of elas-
tic waves. If the frequency of the applied RF signal equals the
resonance frequency of the IDT, the propagating elastic waves
generated at each period of the IDT add constructively and a
powerful SAW beam can be generated. In the most common
types of IDT, which are symmetric with respect to the middle
plane, SAW beams are radiated both towards the left and right di-
rections with equal amplitude and beam width determined by the
overlap between adjacent electrode fingers. If, on the contrary,
the frequency of the RF signal is shifted far from the resonance
frequency, the interference is no longer completely constructive
and the acoustic power carried by the radiated SAW beam is re-
duced. The grating structure of the array of electrode fingers
may in principle also enable the excitation of BAWs towards the
substrate. This is an undesirable effect, since the total power that
is effectively converted into SAWs is considerably reduced.
The frequency window around the resonance frequency in
which an electric signal can be efficiently converted into a SAW
beam (i.e., bandwidth) is inversely proportional to the total
length of the IDT and, thus, to the number of electrode fin-
gers. In materials with weak piezoelectricity, such as GaAs, the
SAW power radiated by each period of electrode fingers is usu-
ally small. In principle, this issue can be overcome by means of
IDTs with a larger number of periods. However, the use of larger
IDTs imposes severe technological limitations for very high op-
eration frequencies (i.e., > 1 GHz), as SAWs are back-reflected
and scattered into bulk acoustic modes as they propagate through
the IDT. Reflection losses increase dramatically with frequency,
thus leading to an important reduction of the acoustic power that
is converted into SAWs and limiting the length of the array of
electrode fingers that can be effectively used in realistic high-
frequency IDTs.
The aforementioned reflection losses are particularly impor-
tant in single-finger IDTs. This configuration, which is broadly
used due to its simplicity, comprises two electrode fingers per
period of width and spacing λSAW/4. In this layout, the array
of electrode fingers acts as a grating with periodicity λSAW/2,
fulfilling the condition for Bragg reflection. These reflections,
although usually small, interfere constructively at the resonance
frequency. As a result, increasing the number of finger pairs
beyond a certain limit will not increase the irradiated acoustic
power and, thus, worsen the overall efficiency of the IDT. The
standard technique employed to minimize reflection losses con-
sists of using a double-electrode (sometimes also called split-
finger) configuration. This configuration comprises four elec-
trode fingers of width and spacing λSAW/8 per period. In this
case, the acoustic reflections produced between the electrode
fingers during SAW propagation interfere constructively at a fre-
quency different from the resonance frequency of the IDT, which
results in an improved response with frequency. Narrower elec-
trode fingers demand, however, a higher lithographic resolution
of the fabrication process. The suppression of Bragg reflection in
the split-finger configuration enables higher precision and con-
trol over the resonance frequency of the IDT. In other cases,
however, reflections at the electrode fingers can be exploited
to design unidirectional IDTs in which the SAW beam is pref-
erentially radiated along a single direction [31, 35, 37]. Some
approaches for unidirectional IDTs reported so far make use of
reflection grating adequately inserted in between the electrode
finger array or floating electrode fingers. With this layout, the
points of transduction and the sources of reflection are separated
within each period and the interaction of the produced elastic
waves with back-reflections allows for the unidirectional emis-
sion of SAWs. Unidirectional IDTs have been traditionally em-
ployed for low-loss SAW filters [39–41] and, more recently, in
sensing applications [42, 43] or even for quantum SAW experi-
ments at very low temperatures [44].
For all IDT configurations, the finite size of the finger over-
lap and the IDT aperture leads to diffraction effects that make
the radiated SAW beam undergo some angular dispersion during
propagation. These effects are important when the width of the
IDT is only a few times λSAW and, in piezoelectric materials,
they are strongly determined by the SAW propagation direction.
In practice, diffraction in IDTs can be reduced by increasing the
finger overlap as well as the IDT aperture.
For certain applications, such as the acoustic modulation of
the electronic and optical properties of low-dimensional struc-
tures like quantum dots (QDs) [45] or nanowires [46, 47], it
may be necessary to generate a strong SAW beam focused on
a small region of the sample. A focused SAW beam can be
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Figure 2: (a) Optical micrograph of the 18 µm-wide aperture output of a double-finger focusing IDT. The dotted rectangle indicates
the area scanned in the interferometry measurement shown in (b). This IDT was designed for an operating wavelength of λSAW =
5.6 µm and fSAW = 510 MHz. The curved fingers are designed to follow the SAW group velocity curves. Adapted from [38]. (b)
Vertical displacement (uz) measured by interferometry in the dotted area indicated in (a), excited with RF power PRF = 10 mW.
Reproduced from [38]. (c) Sketch of the interferometry setup used to record the amplitude of uz induced by the SAW as shown in
(b). The sample comprises a delay line with two IDTs for SAW generation (left side) and detection (right side), respectively.
accomplished by properly shaping the electrode fingers of the
IDT. In the simplest case of acoustically isotropic materials, fo-
cusing can be achieved by shaping the electrode fingers in the
form of segments of circumference. For piezoelectric materi-
als, in which the propagation properties of SAWs are strongly
anisotropic, the situation is more complex and the best results
are obtained if the IDT finger electrodes follow lines of constant
group velocity [38, 48–50] rather than segments of circumfer-
ence. This condition ensures that the group velocity of the SAW
beam generated at each period of the IDT is directed towards the
point of focus, producing a narrow collimated SAW beam. Be-
sides the proper shaping of electrode fingers, de Lima et al. [38]
determined that additional focusing of the SAW beam could be
achieved on GaAs by using Al for metallizing the IDTs, this
way achieving SAW beams with full width at half maximum
(FWHM) less than 3λSAW. This is because, in this case, the
acoustic velocity at the electrode finger array is lower than that
at the contact pads and the SAW mode is confined within the
former, which acts as a lateral acoustic WG. Figure 2(a) shows a
top-view micrograph of a double-finger focusing IDT reported
in [38], designed for an operation wavelength of λSAW =
5.6 µm and frequency fSAW = 510 MHz on a GaAs wafer. The
dotted rectangle indicates the area scanned in the interferometry
measurement shown in (b). The IDT aperture is 18 µm. Fig-
ure 2(b) shows the vertical displacement (uz) recorded by inter-
ferometry at the output of a double-finger focusing IDT designed
for an operation wavelength of λSAW = 5.6 µm (corresponding
to fSAW = 510 MHz) on a GaAs wafer, for a fixed phase of
the SAW and an excitation RF power PRF = 10 mW [38]. A
sketch of the employed interferometry setup, including the sam-
ple which comprises a delay line with two IDTs for SAW genera-
tion (left side) and detection (right side), is shown in Figure 2(c).
Finally, one should also mention that there are alternative ap-
proaches for SAW generation such as the use of a periodically-
poled ferroelectric material has been demonstrated on LiNbO3
by Yudistira et al. [51–54].
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4 Acousto-optical interaction in semiconductor
structures
4.1 Effects of strain and piezoelectric fields on the band
edges
As we have seen in Section 3.1, SAWs are essentially mechan-
ical waves with most of their power confined near the surface,
which travel accompanied by an electrical field if the crystal is
piezoelectric. In a semiconductor, the band structure under a
SAW becomes modified through two different mechanisms as
indicated in Figure 3. The first one is the deformation potential
Ξij modulation of the band gap ∆ESg caused by the periodic lo-
cal variations of the volume and symmetry of the crystal induced
by the SAW strain field Sij (cf. Figure 3, upper panel) [55]:
∆ESg = E
max
g − Eming = 2ΞijSij , (15)
where Eming and E
max
g correspond to the band gap values at the
region of maximum tension and compression, respectively, cre-
ated by the SAW field, as shown in Figure 3, lower panel. Here,
the superscript S has been placed to emphasize the strain field
contribution to the band gap modulation through the elasto-optic
effect (type-I modulation). The second mechanism is related to
the piezoelectric potential ΦSAW created by the strain field in
piezoelectric materials, which induces an indirect electro-optic
modulation of the band structure (type-II modulation).
Defining the inverse of the dielectric tensor as B = −1 so
that ijBjk = δik, and considering only small changes ∆Bij in
its components (which is true for most practical applications),
the variation ∆BSij caused by the dynamic SAW strain relates
linearly to the amplitude of the strain field according to the fol-
lowing expression [36, 57]:
∆BSij = pijklSkl, (16)
where pijkl are components of the fourth-rank elasto-optical ten-
sor p, which quantifies the strength of the interaction between
photons and elastic waves. As discussed before, in a piezoelec-
tric material, the SAW dynamic strain field also induces an in-
direct electro-optic modulation in the semiconductor band gap.
The variation ∆BEij , where the superscript E stands for electro-
optic contribution, can be expressed in terms of the electric field
~F = −~∇ΦSAW as [36, 57]:
∆BEij = rijlFl, (17)
where rijl are components of the third-rank electro-optical ten-
sor r. The latter quantifies the changes in the refractive index
associated to the electric field ~F generated by the strain field.
Therefore, in the most general case, the total variation ∆B can
be explicitly expressed as the sum of the elasto-optic and the
indirect electro-optic contributions:
∆B = ∆BS + ∆BE (18)
Both modulation mechanisms are relevant for acousto-optical
modulation. However, for optical wavelengths away from elec-
tronic resonances, the elasto-optical modulation of the dielec-
tric tensor  associated with the deformation potential Ξij mech-
anism usually dominates over the indirect electro-optical con-
tribution related with the piezoelectric potential ΦSAW. The
electro-optical contribution may, however, become important in
the presence of excitons or free carriers induced by optical fields
or doping (see for instance [58–60]).
4.2 Acousto-optical modulation of 3D optical waveguides
One of the most traditional applications in acousto-optics con-
sists of using SAWs to diffract an incoming light beam in a
Bragg cell. In these devices, the propagating dielectric grating
generated by the dynamic SAW strain field is used to scatter a
light beam which propagates transversely to the acoustic beam
in a planar 2D slab optical WG, enabling important applications
such as modulators, frequency shifters, or spectrum analyzers,
among others [19, 61]. In devices built upon 3D rectangular
WGs, the SAW propagates perpendicularly to the WG and mod-
ulates its physical dimensions and its refractive index distribu-
tion. This results in a change in the effective refractive index
neff,ν as given by 7 that is sensed by WG mode ν.
In acousto-optical devices, the physical dimensions of the
WGs are normally chosen so that only a single guided WG mode
is supported. This allows us to disregard the interaction between
SAWs and higher order (i.e. ν ≥ 1) optical WG modes, which
considerably simplifies the modeling of the devices [56]. This
has also the effect of considerably enhancing the SAWs and the
optical fields, as shown by Du¨hring and Sigmund [62]. More-
over, the WG width is usually chosen to be much smaller than
λSAW in such a way that the SAW-induced refractive index
modulation can be considered constant across the WG cross sec-
tion. This is important for devices whose operation principle re-
lies upon fixed acoustic phases between the modulated WGs, as
is the case with interferometer devices, which will be discussed
in Section 6.
The SAW-induced phase shift ∆Φ undergone by the light
beam propagating in an optical WG supporting a single guided
mode can be expressed as [63]:
∆Φ = k0`int∆neff,0 = ap
√
PIDT , (19)
where k0 = 2pi/λ and λ denote the light wave vector and wave-
length in vacuum, respectively, ∆neff,0 ≡ ∆neff is the effective
refractive index change of the fundamental WG mode due to the
acousto-optical interaction, and `int is the interaction length be-
tween the SAW and the optical fields. The second equality in 19
states that the total SAW-induced phase shift ∆Φ is proportional
to the square root of the nominal RF power applied to the IDT
PIDT . The proportionality constant ap is dependent on the ma-
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Figure 3: (a) Upper panel: instantaneous displacements of the elementary volumes of solid by a SAW which propagates in a
semiconductor crystal. Lower panel: modulation of the conduction band (CB) and the valence band (VB) edges of the crystal
by the SAW strain. The piezoelectric potential (ΦSAW) associated with the strain introduces a type-II modulation of the band
edges. The regions of maximum compression and tension induced by the strain superimposes a small modulation of the band gap
with maximum and minimum values given by Emaxg and E
min
g , respectively (type-I modulation). The piezoelectric field (ΦSAW)
induces a spatial separation of carriers generated e.g. by optical means (type-II modulation). (b) Calculated effective refractive
index change ∆neff of the fundamental TE mode of (Al,Ga)As WGs with different h/H ratios assuming an acoustic power density
P` = 200 W/m, and plots of Sxx for h/H ≈ 0.1 (A), = 0.4 (B), and ≈ 0.7 (C). (c) Calculated effective refractive index change
∆neff of the fundamental TE mode of an (Al,Ga)As WG for different linear acoustic power densities P` assuming h = 200 nm,
H = 500 nm, and W = 600 nm. (a) and (b) reproduced from [56].
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terials elasto-optical properties as well as on the overlap between
the optical and acoustic fields in the modulated region.
The dielectric modulation induced by the dynamic SAW strain
(cf. 16) induces small changes ∆neff in the effective refractive
index of the fundamental WG mode neff,0 ≡ neff , with typical
values of ∆neff/neff ≈ 10−4−10−3. As a consequence, in order
to accomplish sizeable optical phase shifts, it is necessary to op-
timize the acousto-optical interaction. The most straightforward
way consists of increasing the interaction length `int between
the SAWs and the guided optical fields, with typical values of
several λSAW. Moreover, the geometry of the WG strongly de-
termines the overlap between the optical and acoustic fields in
the modulated region and is, therefore, also a determining factor
in the efficiency of the acousto-optical modulation as demon-
strated by Barretto in [56]. Figure 3(b) shows the calculated
effective refractive index change ∆neff of the fundamental TE
mode of (Al,Ga)As WGs with different h/H ratios assuming
a linear acoustic power density P` = 200 W/m, showing that
∆neff is maximized for h/H ≈ 0.7. This behaviour can be bet-
ter understood by looking at the plots of the horizontal strain Sxx
calculated for h/H ≈ 0.1 (A), = 0.4 (B), and ≈ 0.7 (C). Here,
it can be seen that the strain is maximum at the lower corners
of the WG, where there is not much guided optical power power
[cf. Figure 1(c)]. This effect is particularly important in deeply-
etched WGs with low h/H such as the one depicted in (A). This
causes that an important fraction of the total SAW power does
not interact with the optical fields, reducing therefore the effi-
ciency of the acousto-optic interaction and explaining the lower
values of ∆neff in the left plot. Besides optimizing the WG ge-
ometry, these limitations can also be overcome by burying the
WGs close to the surface, making it possible to increase up to
ten times the efficiency of the acousto-optical modulation [62].
Figure 3(c) shows the effective refractive index change ∆neff
as a function of the linear acoustic power densities P`, calcu-
lated for the fundamental TE mode of the WG structure labeled
(B) in Figure 3(b), assuming h = 200 nm, H = 500 nm, and
W = 600 nm. Here, the linear dependence of ∆neff with
the SAW power is clearly visible, as can be expected from the
acousto-optical origin of the interaction (cf. 19).
5 Ring resonators modulated by surface acoustic
waves
Monolithic ring resonators are interesting building blocks for in-
tegrated photonic circuits. Some of their applications include
optical switching [8, 64, 65], integrated bio-sensors [66, 67], or
laser resonators [68, 69], among others. In their basic configura-
tion, they comprise two straight access WGs (also known as bus
WGs) which are coupled to a ring WG through the evanescent
optical field. When an optical signal comprising N wavelength
components λi (with i = 1, ..., N ) is launched in one of the bus
WGs, only the wavelength satisfying the resonant condition will
couple to the ring WG [70]:
nReffLR = mλi, (20)
where nReff and LR are the effective refractive index and the
perimeter of the ring WG, respectively, and m is an integer. As-
suming, for instance, that two different optical wavelengths λ1
and λ2 are launched into bus WG 1 and that only λ1 fulfills the
resonance condition given by 20, only the latter will be temporar-
ily stored in the ring WG and coupled to bus WG 2. Accordingly,
wavelength λ2 will be fully transmitted for detection at the op-
posite end of bus WG 1.
This passive response can be dynamically tuned by use of
piezoelectrically-generated SAWs [71,72]. In this case, the SAW
strain modifies the transmission spectrum of the devices by in-
ducing changes in nReff as given by 19. Moreover, if the SAW
propagates perpendicularly to the region in which the bus WGs
couple to the ring WG, the coupling distance between the latter
becomes also modulated with the SAW period TSAW leading to
additional tuning of the transmission [72].
An alternative interesting mechanism for further increasing
the acousto-optical modulation is that of sub-optical wavelength
modulation, by which the acoustic wavelength λSAW is reduced
to much less than the optical wavelength λ: λSAW  λ, as
demonstrated by Tadesse and Li [73]. In this regime, it is possi-
ble to achieve a large overlap between the acoustic and the opti-
cal modes, thus optimizing the acousto-optical interaction. The
authors have demonstrated that the optimum overlap takes place
when the SAW wavelength λSAW is equal to twice the lateral
size of the optical mode. On the contrary, the acousto-optical
modulation almost vanishes when λSAW equals the lateral size
of the optical mode, as the acousto-optical contribution from the
compressive and tensile strain components (cf. Figure 3) can-
cel each other. This is a direct consequence of the number of
SAW nodes and anti-nodes that fit within the WG width i.e.,
the resulting acousto-optical modulation is non-zero only if their
number is different. As can be expected, the situation varies pe-
riodically for a fixed WG width as λSAW is reduced more and
more. The devices investigated by Tadesse and Li in [73, 74]
were fabricated on a AlN/SiO2/Si multilayer structure. A top-
view micrograph of the devices is shown in Figure 4(a). These
comprise two access ports where the light is in/out coupled us-
ing grating couplers [75] which are subsequently coupled to a
ring resonator. The latter consists of two straight WG sections
separated by a distance ∆L and linked by two arc WGs. When
the wavelength of the input optical field matches the resonance
condition of the ring (cf. 20), the transmission displays a sharp
minimum. The IDT, with an operation wavelength λSAW rang-
ing from 0.4 to 1.6 µm depending on the case, is placed so that
the generated SAWs propagate perpendicular to the straight WG
sections. In order to maximize the acousto-optical interaction,
the aperture A of the IDT equals the length of the straight WG
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Figure 4: (a) Top-view micrograph of a SAW-tuned ring resonator investigated by Tadesse and Li [73, 74]. Here, ∆L is the
separation between the modulated straight WG sections of the ring resonator and A is the DIT aperture. (b) Experimental spectrum
of the S21 optical transmission coefficient of the same device, recorded for different λSAW (Λ in the drawing). Here, Rn denote
the nth Rayleigh SAW mode. The maximum modulation frequency is 10.6 GHz, corresponding to R12 with λSAW = 0.5 µm.
Reproduced from [73].
sections. The AlN/SiO2/Si multilayer structure of the devices
make each SAW mode propagate with a different acoustic veloc-
ity vSAW along each layer, leading to strong dispersion effects.
In this way, the authors demonstrated that higher-order SAW
modes dominate in the limit of short acoustic wavelengths, in
which 2pi(d/λSAW) > 1 with d the thickness of the AlN piezo-
electric overlayer. Figure 4(b) shows the recorded transmission
coefficient S21 for a WG width of 800 nm and IDTs with oper-
ation wavelengths λSAW = 1.6, 0.9, 0.7, and 0.5 µm (Λ in the
picture). Here, Rn stands for the higher-order Rayleigh SAW
modes, with n the modal number. In the measured spectrum,
the highest modulation frequency is 10.6 GHz, corresponding to
R12 with acoustic wavelength λSAW = 0.5 µm.
6 Acousto-optic interferometer devices
The general basis of operation of the acousto-optical interferom-
eter devices described in this section is as follows: a guided op-
tical beam is first split into two or more guided beams which are
delivered to the modulated region of the device. The latter com-
prises additional WG sections with their refractive indices mod-
ulated by one or more SAW beams propagating perpendicularly
to them. The SAW-induced optical phase delays can be precisely
tailored by choosing the appropriate spacing between the mod-
ulated WG sections, with respect to λSAW. The phase-delayed
optical fields are then combined, and the subsequent interference
allows for important functionalities such as optical modulation,
by which the data signal can be transferred to the laser-generated
carrier signal in optical communications, or switching. Further-
more, by imposing wavelength dispersion at the modulated WGs
of the devices, very compact reconfigurable wavelength-division
multiplexing (WDM) devices can be obtained.
Although the explanation is focused on the acousto-optical
modulation, the concepts introduced in this section can be read-
ily applied to other modulation techniques such as thermo- or
electro-optical devices, enabling compact high-speed reconfig-
urable data routers which can be cascaded, arranged in matrices,
or used in combination with standard WDM devices.
6.1 Acousto-optic Mach-Zehnder modulators
The application of piezoelectrically-generated SAWs to control
the response of a Mach-Zehnder interferometer (MZI) was first
suggested by Gorecki et al. [76–78]. The device demonstrated
by the authors consisted of a regular MZI structure comprising
two symmetrical Y-junctions built upon rib WGs on a Si sub-
strate. In order to generate a SAW beam, the IDT was placed on
a thin piezoelectric ZnO overlayer with a high electromechani-
cal coupling factor. In their layout, phase modulation was ac-
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Figure 5: Acoustic Mach-Zehnder interferometer (MZI): (a) schematic configuration of a MZI modulated by SAWs generated by
a focusing IDT as demonstrated by de Lima et al. [63]. Reproduced from [63]. (b) Corresponding layer cross-section of a device
consisting of (Al, Ga)As layers grown by molecular beam epitaxy. (c) Top-view micrograph of an acoustic MZI using a focusing
IDT designed for a wavelength of 5.6 µm with an interaction length of 15 µm. (d) Light transmission under different acoustic
excitation power PIDT measured on the acoustic MZI in (a). The transmitivity is normalized to the transmission in the absence of
acoustic excitation. Reproduced from [63].
complished when the refractive index of one of the arms was
modulated by a SAW beam propagating perpendicularly to the
MZI structure. The other arm, which was used as the interfer-
ometer reference arm, was isolated from the SAW beam by an
isolation trench.
A similar concept was employed by de Lima et al. [63]
[cf. Figure 5(a)]. Their work, however, introduced two main
modifications to the work by Gorecki et al. in order to increase
the modulation efficiency and reduce the interaction length.
First, the modulation efficiency was doubled by modulating si-
multaneously both MZI arms with opposite phases using the
same SAW beam. This can be clearly appreciated in Figure. 5(b),
which displays the layer cross-section of the demonstrated MZI
comprising (Al,Ga)As layers grown by molecular beam epitaxy
on a GaAs (100) wafer. The optical ridge WGs were structured
by etching the 300 nm-thick GaAs layer grown on a 1500 nm-
thick Al0.2Ga0.8As cladding layer. For that purpose, the two WG
arms were displaced from each other by an uneven multiple of
the λSAW/2. In general, the effective refractive index in jth WG
arm neff (j) can be written as a function of the SAW-induced re-
fractive index change ∆neff according to the following expres-
sion [79, 80]:
neff,j (t) = n
0
eff + κj∆neff cos (ωSAWt) , (21)
where n0eff is the unperturbed effective refractive index, κj are
numerical factors that account for the amplitude and the phase
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of the SAW modulation in the jth arm, and t is the time. As
the WG arms are in this case modulated with the same SAW
amplitude but opposite phase, we have that κ1,2 = ±1 for the
modulated WG 1 and 2, respectively.
The second modification of the original design by Gorecki et
al. aimed at reducing the acousto-optic interaction length in or-
der to make very compact WG structures. It consisted in using
a focusing IDT to generate a narrow and intense SAW beam
on the two arms of the MZI interferometer. Figure 5(c) dis-
plays an optical micrograph of the acoustic MZI showing the
split-finger focusing IDTs designed for an acoustic wavelength
λSAW = 5.6 µm (corresponding to a fundamental SAW fre-
quency fSAW = 520 MHz). These IDTs generate a SAW beam
with a FWHM ` ≈ 15 µm collimated along hundreds of µm.
The figure also shows the two arms of the MZI WGs, which were
displaced along the SAW propagation direction by 2.5λSAW (i.e.
by an odd multiple -5- of λSAW/2).
The modulation properties of the acoustic MZI were mea-
sured by coupling a 890 nm light beam to the WGs using optical
fibers as illustrated in Figure 5(a). The IDT was excited with
RF powers up to PIDT = 60 mW. Figure 5(c) displays time-
resolved transmission (T ) traces recorded for different acoustic
powers (the transmission values are normalized to the transmis-
sion recorded in the absence of a SAW). The transmission sig-
nal is modulated at the frequency of the SAW: this behavior is
attributed to a fabrication-related phase difference in the MZI
arms (for a perfectly symmetric MZI, the small signal modula-
tion should be in the second harmonic of the SAW frequency).
The modulation amplitude reaches depths close to 100%. The
time traces are slightly asymmetric due to the presence of higher
harmonic components of the SAW frequency fSAW. By com-
paring the theoretical and the experimental results, the authors
estimated the value of the proportionality constant (cf. 19) to be
ap = 7.3× 10−2 rad/
√
mW.
6.2 Acousto-optic multiple interference devices - AOMIDs
Acousto-optic multiple interference devices (AOMID), first pro-
posed by Beck et al. [81–83], are a class of structures based on
the simultaneous modulation of several MZI arms by a single
SAW beam. They represent a generalization of the SAW-driven
MZI reported in [63] to implement important acousto-optical
functionalities such as ON/OFF switching, harmonic genera-
tion, or pulse shapers for the generation of extremely short light
pulses. The authors reported two different layouts, namely paral-
lel (P) and series (S) configurations. The parallel configuration is
illustrated schematically in Figure 6(a). Here, a number Np ≥ 2
of WG arms are connected in parallel and are aligned perpendic-
ularly to the SAW propagation direction. The lateral separation
between the WG centers is chosen so as to yield SAW-induced
phase shifts (as given by 19) differing by an integer multiple
of 2pi/Np. In the S configuration, Ns ≥ 2 devices in paral-
lel are cascaded and arranged so that the WG arms experience
SAW-induced phase shifts differing by an integer multiple of
2pi/ (NsNp). The authors demonstrated that both configurations
are feasible to design high-contrast ON/OFF switches.
We illustrate the operation principle of ON/OFF interference
switches using the Np = 4 parallel AOMID illustrated in
Fig. 6(a). The optical transmission intensity T for these struc-
tures can be written as a function of the transmission amplitude
ti through each of the WGs according to [83]:
T =
1
Np
∣∣∣∣∣∣
Np∑
j
~tj(t)
∣∣∣∣∣∣
2
, (22)
where ~tj (t) = ei∆Φj(t) and
∆Φj (t) = φmax cos
[
ωSAWt+ i
2pi
Np
]
.
Here, ∆Φj (t) is the instantaneous optical phase modulation
induced by the SAW in the jth WG, which is assumed to have a
maximum value φmax. The sum in 22 can be schematically visu-
alized by representing the transmission amplitudes tj (t) as unity
vectors with a phase angle ∆Φj (t). In the absence of acoustic
excitation, all ∆Φj (t) are equal leading to a total intensity trans-
mission T = 1, as illustrated in Figure 6(a):(i). Under a SAW,
the vectors ~tj (t) are no longer collinear: by properly controlling
the SAW amplitude it is possible to achieve a vector sum close to
zero for all times, as illustrated in Fig. 6(a):(ii). This corresponds
to the off-state of the switch: the transmitted optical beams add
destructively, thus reducing the transmission and increasing the
reflection.
In general, for a fixed SAW-induced phase difference φmax,
the overall transmission of the devices reduces as the number of
modulated WG arms increases. Figure 6(b) displays calculated
time-resolved transmission traces for parallel AOMIDs with dif-
ferent number of arms. The curves show that optical switches
based on devices with Np = 8 can achieve OFF/ON extinction
ratios > 40 dB for a SAW-induced phase of φmax ∼ 2.4 rad
and ∼ 1.6 rad, respectively [83]. Similar extinction ratios can
be obtained for series devices. In general, the extinction ratio
increases much faster with the number of WG arms in the P
configuration as compared to the S configuration. P-type AO-
MIDs require, however, higher SAW-induced phase shifts φmax
as compared with S devices. As an example of the switching op-
eration, Fig. 6(c) displays the average optical transmission mea-
sured for P devices with Np = 2, 4 and 6 arms as a function of
the SAW-induced phase shift φmax (upper axis) and the voltage
Vrf of the driving RF signal (lower axis). The measurements
were performed for optical wavelengths λ = 910 (Np = 2), 890
(Np = 4), and 900 nm (Np = 6). Here, it can be seen that the
average transmission of the devices decreases as Np increases,
achieving an extinction ratio of 12 dB for a SAW-induced phase
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Figure 6: (a) Principle of operation on an acousto-optic multiple interference device (AOMID) with Np = 4 parallel WGs. A
propagating SAW modulates the transmission tj (j = 1, 2, 3, 4) of the light field in four parallel WGs separated by a multiple of the
λSAW/Np. tj can be visualized as a vector with unity amplitude and phase ∆Φj determined by the position of WG j. In the absence
of a SAW (i), the total transmission intensity T given by 22 is unit, leading to the light-on state of the switch. In the presence of a
SAW (ii), the vectors ~tj will add to yield a much lower transmission, thus blocking light propagation (light-off state). (b) Calculated
time-dependent transmission for AOMIDs with different number of parallel channelsNp determined for the phase amplitudes φmax
listed on the plot. The WG configurations are illustrated on top of the image. (c) Measured average transmission T¯ as a function
of the rf voltage Vrf applied to the IDTs for devices with different number of arms for light with wavelengths λ = 910 (Np = 2),
890 (Np = 4), and 900 nm (Np = 6). The upper horizontal scale displays the corresponding phase modulations. The dashed lines
display the calculated transmission according to 22. Adapted from [82].
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of φmax ∼ 2.4 rad and Np = 6 [82]. The measured average
transmission is normally much higher than the values predicted
for perfect devices (i.e., with identical WG arms), which are in-
dicated by the dashed lines in Fig. 6(c). The discrepancy is at-
tributed to fabrication-related small variations in WG length and
length.
As already mentioned, the devices can also be used for the
generation of light modulated at higher harmonics of the SAW
frequency fSAW. Particularly, the generation of the sixth har-
monic of fSAW in P devices with Np = 3 for φmax ∼ 2.4 rad
is also theoretically demonstrated in [83]. In the same work,
the authors also demonstrated theoretically the generation of six
sharp light pulses per SAW period by way of S devices with
Np = 2 and Ns = 3 (i.e. three single MZIs connected in se-
ries) for φmax ∼ 3.6 rad. In this case, the results also showed
that the increase in φmax caused the time narrowing of the gener-
ated light pulses. Considering a similar layout to that in [81–83],
Barretto and Hvam [84] proposed the introduction of static phase
delays in the WG arms in the form of length and thickness dif-
ferences to make an optical phase shifter. These static phase
delays were chosen to ensure destructive interference of the op-
tical fields without SAW excitation. The authors demonstrated
that, due to SAW modulation, the frequency of the resulting out-
put optical field was shifted by an amount equal to fSAW with
respect to the input field, while any other undesired frequency
components were dropped due to the static phase delays.
6.3 Multiple-output interferometers
The acousto-optical devices reported in [81–84] had single in-
put and output WGs. As a result, part of the light transmis-
sion was lost due to destructive interference. This issue can
be avoided with the addition of extra output WGs to the light
combiner so that, at different instants along the SAW period
(TSAW = 2pi/ωSAW), the output optical signal switches paths
and is selected by a different output WG.
Crespo-Poveda et al. [85, 86] have reported a MZI modu-
lated by SAWs with a single input WG and two output WGs
(1× 2 MZI) built upon MMI couplers (MMICs) [87] of differ-
ent width and length [cf. Figure 7(a)]. MMICs are optical in-
tegrated components comprising a multimode WG with N ac-
cess singlemode WGs. The number of modes that are excited in
the multimode region, each propagating with a different phase
constant, depends on the position and the profile of the exciting
field. Their interference gives rise to single or multiple images
of the input field at different positions perpendicular to the light
propagation direction. Therefore, different splitting ratios can be
accomplished by an appropriated choice of the input WG posi-
tion, the input field profile, and the coupling length [87]. MMI
couplers are extensively used in nowadays integrated photonic
applications mainly due to their excellent transmission proper-
ties, which enable devices with low losses and good balancing
between the output WGs, as well as the possibility of easy de-
sign and relaxed fabrication tolerances [88]. In the reported de-
vices, the first coupler comprised a balanced (50 : 50) splitting
ratio 1-to-2-way MMIC that separated the incoming light in two
identical beams delivered to two single-mode 900-nm-wide WG
arms. The spatial separation of the WG arms was chosen to be
1.5λSAW (i.e. by an odd multiple -3- of λSAW/2) to ensure
that the arms were modulated with opposite phase by a trav-
eling SAW as in [63] (cf. 21). The latter was generated by a
regular IDT with a design wavelength of λSAW = 5.6 µm (cor-
responding to fSAW ≈ 520 MHz). The modulated WG arms fed
a second 2-to-2-way MMIC, which combined the optical fields
into the output WGs. The dimensions of the device were opti-
mized for a design light wavelength (i.e., wavelength at which
the response of the device is optimal) λ0 = 900 nm. The de-
sign of the device ensured that when both modulated WG arms
deliver light of equal intensity and phase (i.e., without SAW ex-
citation and for several instants along TSAW in which the SAW
power vanishes), the intensity in both output WGs became also
the same. When a SAW-induced phase shift (∆Φ) was applied
between the WG arms, the optical signal could be directed to
output WG 1 (∆Φ = +kpi, for k = 1, 2, 3, ...) or to output WG
2 (∆Φ = −kpi, for k = 1, 2, 3, ...).
As in [63], the devices were fabricated on an (Al, Ga)As
WG sample grown epitaxially on a GaAs (100) wafer [cf. Fig-
ure 7(b)]. A top-view micrograph of the modulated region of
one of the fabricated devices with an interaction length `int =
120 µm is shown in Figure 7(c). The authors characterized the
devices for driving powers up to PIDT = 49 mW, demonstrating
strong modulation of the output light beam at the third harmonic
of the SAW frequency fSAW, corresponding to a frequency of
∼ 1.5 GHz. Figure 7(d) shows the time-resolved traces ob-
tained for light with TE polarization (similar results were ob-
tained for TM light) for different driving powers PIDT . For
PIDT = 7 mW (ii), the modulation reached a peak-to-peak am-
plitude of approximately 1. After a Fourier analysis of the time-
resolved traces, the authors determined the value of the propor-
tionality constant to be ap = 13× 10−2 rad/
√
mW, which is a
factor of 2 larger than that obtained in [63]. A very similar device
although with three output WGs has been reported by the same
authors in [89]. On this occasion, the authors characterized the
devices for driving powers of up to PIDT = 108 mW, for which
the optical transmission of the device was entirely dominated by
the second harmonic of fSAW.
6.4 N ×N modulators driven by surface acoustic waves
6.4.1 Device layout.
The concepts discussed in the previous section can be general-
ized for optical modulators with an arbitrary number N of input
and output WGs [79]. The proposed devices comprise two N -
to-N -way MMICs linked by an array of N single-mode WGs.
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Figure 7: (a) Illustration (not to scale) of the SAW-driven synchronized modulator fabricated on (Al,Ga)As reported in [85,86]. By
means of a tapered fiber, cw light is coupled into an input channel (IC). The device consists of a splitter and a combiner MMI coupler
linked by single mode WGs (MWGs) that are modulated by a SAW generated by an IDT and which propagates perpendicularly to
the MGW arms. The light beams leaving the device through both output WGs (OCs) presents a 180◦-dephasing synchronization.
(b) Corresponding layer cross-section of a device consisting of (Al, Ga)As layers grown by molecular beam epitaxy. (c) Top-view
micrograph of one of the fabricated devices with an IDT designed for λSAW = 5.6 µm with an interaction length `int = 120 µm.
(d) Time-resolved measurements of the light leaving output WG 1 (OC1, solid line) and output WG 2 (OC2, dotted line) of the
same device, recorded for TE polarization and RF powers of (a) PIDT ≈ 0 mW, (b) PIDT = 7 mW, (c) PIDT = 35 mW, and (d)
PIDT = 49 mW. The total transmission is normalized to 1. (d) adapted from [85].
The first MMIC is a balanced splitting ratio coupler of length
LMMIC1 = 3Lpi/N , this being the shortest length at which N
self-images of the input field are obtained if no restrictions are
imposed on the modal excitation. This MMIC divides the incom-
ing optical signal from any of the N input WGs into N identical
optical beams. Here, Lpi is the beating length of the MMIC given
by [87]:
Lpi =
pi
β0 − β1 ≈
4nrW
2
eff,0
3λ0
, (23)
where β0 and β0 are the fundamental and first mode propagation
constants, respectively, nr is the effective refractive index in the
MMIC region, λ0 is the design light wavelength, and Weff,0 is
the effective width of the fundamental mode of the light propa-
gating in the MMICs, which takes into account the lateral pen-
etration of the optical fields. The N optical beams are coupled
into N WG arms, whose refractive index is modulated by one
or several SAW beams propagating perpendicularly to them. As
will be shown below, for a number of WG arms N ≥ 3, the
required phase shifts to modulate the devices can only be ac-
complished if a standing SAW is generated by way of two IDTs.
A second MMIC with length LMMIC2 = (3PLpi) /N , where
P ≥ 1, combines the phase-delayed optical fields into the output
WGs. Figure 8(a) shows a sketch of the proposed device layout.
The shortest devices are obtained by taking P = 1. In this case,
both the splitter and combiner MMICs have the same coupling
length. This kind of configuration has been previously used to
route the light in phased-array WDM applications [90] in which
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by introducing wavelength dispersion in the WG arms, particular
wavelengths can be directed to specific output WGs. However,
if no wavelength dispersion is introduced (i.e. the static phase
difference between the arms in the array is kept equal to an in-
teger multiple of 2pi), in the absence of phase modulation the
entire device acts as a balanced splitter that divides the optical
signal coming from any of the input WGs into N identical op-
tical beams. The latter situation leads to very poor performance
of the devices as modulators, increasing the rejection level as
N is increased. Considerably better results can be obtained if
P = N−1. In this configuration, LMMIC1 +LMMIC2 = 3Lpi ,
which is the distance at which a single mirrored image of the in-
put optical field is created inside the MMIC region [87]. There-
fore, in the preset configuration (i.e., without SAW modulation),
the device acts as a cross coupler, so that the light launched at an
input port i is delivered to the output port kpreset = N − i + 1.
Therefore, it is possible to take advantage of the fact that the
light is naturally focused at this output plane of the devices to
derive very simple phase relations between the modulated WG
arms, i.e., the κj in 21, that can be used to reconfigure the output
channel distribution of the devices.
6.4.2 The κj factors.
The design of acousto-optical light modulators can be greatly
simplified if they are designed to operate with very simple phase
relations between the modulated WG arms. For a number N of
WG arms, these phase relations are provided by a set of N κj
factors, as expressed in 21. As explained before, the latter are
numerical factors that indicate the necessary phase relations be-
tween the modulated WG arms to switch the optical signal from
one output WG to a different one. Here, we will restrict the dis-
cussion to a situation where −1 ≤ κj ≤ 1. With this choice
of κj , it is possible to take into account situations where the
effective refractive index of the modulated WG arm is alterna-
tively increased (0 < κj ≤ 1) and decreased (−1 ≤ κj < 0), as
naturally occurs in acousto-optical devices due to the SAW os-
cillation. The procedure to calculate the κj factors can be found
in [79, 80]. For N = 2, there are two straightforward solutions:
〈κ1, κ2〉 = 〈∓1,±1〉, which correspond to the MZIs modulated
by SAWs reported in [63,85,86]. The solutions for up to N = 7
can be found in [79].
The values of the coefficients κj are determined in practice by
the relative spatial separation between the modulated WG arms,
since each WG arm will experience an acoustic phase shift and
amplitude determined by its position within the SAW modula-
tion profile. In this way, the different sets of κj factors show
that the appropriate positioning of each of the arms in the array
within the SAW profile forces an unequal spacing separation of
the WGs for N > 3. In addition, the relative phase difference
between the WG arms for N ≥ 3, as determined by the κj fac-
tors, can only be sustained in time if a standing SAW is created
by use of two IDTs generating two counter-propagating SAW
beams. Due to the periodic nature of the SAWs, the WG arms
can be placed at distinct periods of the standing SAW, simulta-
neously meeting the optical and the acoustic constraints. The
physical meaning of the κj factors can be better appreciated in
Figure 8(b). This picture shows the relative WG spacing with
respect to a standing SAW profile (depicted at two different in-
stants of the SAW period -TSAW-) for a device withN = 7 input
and output WGs. In this case, the set of κj factors corresponds to
the solution 〈κ1, ..., κ7〉 = 〈∓2/3,∓1/3,∓1, 0,±1,±1/3,±2/3〉
(blue circles). This combination of κj factors means that the
SAW-induced phase shift must be maximum but of opposite
sign at the WG arms 3 and 5. At the WG arms 1 and 7, the
SAW-induced phase shift must be also of opposite sign, but with
∼ 66% (|2/3|) of the amplitude applied to the WG arms 3 and 5.
In a similar way, the SAW-induced phase shift at the WG arms
2 and 6 must be of opposite sign but with ∼ 33% (|1/3|) of the
amplitude applied to the WG arms 3 and 5. Finally, no phase
shift must be applied to the WG arm 4, where κj = 0.
In principle, acousto-optical devices with an arbitrary num-
ber N of modulated WG arms are possible. However, as the
WG arms have a non-zero width, devices with a large number of
WG arms can only be designed at the cost of increasing λSAW
to keep the refractive index modulation approximately constant
across each WG arm. This, however, also results in a slower time
response of the modulator.
6.4.3 Channel assignment.
The number of possible sets of κj factors (i.e. solutions) de-
pend strongly on whether N is odd or even [79, 80]. In gen-
eral, N (N − 1) sets of κj can be found for N odd. These
can be arranged in (N − 1) major sets corresponding to solu-
tions that provide the same output WG reconfiguration. For N
even, the number of possible solutions reduces to N , which can
be arranged in two major sets. In order to calculate the output
WG reconfiguration corresponding to each set of κj , it is use-
ful to rewrite 21 in terms of the SAW-induced phase shift (∆Φ)
as [79, 80]:
∆Φj (t) = Φ
0 + κjΛδΦ
0 cos (ωSAWt) , (24)
for j = 1, ..., N , where Φ0 = (2pi`/λ)n0eff is the phase shift in-
troduced in the WG arms due to the optical path `, and κjΛδΦ0
is the amplitude of the SAW-induced phase shift in the jth WG
arm. Here, Λ is an integer and δΦ0 is the minimum SAW-
induced phase change induced in the WG arms with κj = ±1
needed to reconfigure the output WG distribution. As already
mentioned, for colorless devices (i.e. without wavelength dis-
persion), the length difference between adjacent WG arms must
be chosen so that the resulting optical phase shift is zero or an
integer multiple of 2pi. This is in contrast to WDM devices,
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Figure 8: (a) General layout for an acousto-optical modulator with an arbitrary number of access and modulated WGs. For N ≥ 3,
the required phase shifts to reconfigure the response of the devices can only be provided by a standing SAW generated by two IDTs.
(b) Relative WG spacing (in terms of λSAW) with respect to the nodes and anti-nodes of the standing SAW, depicted at two different
instants along the SAW beating period for a device with seven input and output WGs (N = 7). The chosen solution corresponds to
〈κ1, ..., κ7〉 = 〈∓2/3,∓1/3,∓1, 0,±1,±1/3,±2/3〉. The vertical rectangles indicate the WGs positions. (c) Simulated response of
the device in (b) as a function of the SAW-induced phase shift (∆Φ) calculated for input WG 3. The closed loop on top represents
the effective phase shift κjΛδΦ0 (cf. 24) on the jth arm at four different instants along the SAW beating period TSAW. The insets
on top display the instantaneous SAW phase with respect to the modulated WGs at different instants of the acoustic period, namely
t = 0 (A), TSAW/4 (B), TSAW/2 (C), and 3TSAW/4 (D). (d) Simulated time response of the same device taking Λ = ±3
calculated also for input WG 3. The time traces have been vertically displaced for clarity. The vertical lines correspond to the
instants labeled as A, B, C, and D in (c).
which are described below in Section 6.5, where the length dif-
ference between adjacent WG arms is carefully adjusted to pro-
vide wavelength dispersion at the output WGs.
Figure 8(c) shows the simulated response of the device with
N = 7 input and output WG described in Figure 8(b), calcu-
lated as a function of the SAW-induced phase shift (∆Φ) for
input WG 3. The design of the device ensured that the opti-
cal signal was selected by output WG 5 without SAW modula-
tion (i.e., identical Φ0 are considered in every WG arm). When
the SAW-induced phase shift reached ∆Φ ≈ ±2.69 rad (cor-
responding to Λ = ±1), the light periodically switched paths
among output WGs 3, 5, and 7. By increasing the applied
acoustic power in order to achieve ∆Φ ∼ 5.39 rad (correspond-
ing to Λ = ±2), output WGs 1 and 6 became also available
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during the SAW oscillation period. For ∆Φ ∼ 8.09 rad, all
the output WGs become available, with the optical signal being
switched from the preset output WG to the rest of output WGs
within the SAW period. The closed loop represents the effec-
tive phase shift κjΛδΦ0 as given by 24 on the jth arm at four
different instants along the SAW beating period TSAW. In this
way, the effective phase shift at the jth arm is ∆Φj = Φ0 at
t = 0 (A) or TSAW/2 (C), whereas it is ∆Φj = Φ0 ± 3κjδΦ0
at t = TSAW/4 (B) and t = 3TSAW/4 (D), respectively. This
behaviour can be better understood by looking at the insets on
top, which display the instantaneous phase of the standing SAW
with respect to the modulated WGs at the instants of the standing
SAW period labeled as A, B, C, and D.
Figure 8(d) shows the simulated response of the same device,
calculated for Λ = ±3 and input WG 3. An arbitrary pi/2 phase
was subtracted to 24 so that t = 0 coincided with an instant in
which the device behaved as without SAW modulation, and the
time traces have been vertically displaced for clarity. For t = 0,
the light is delivered to the preset output WG 5. During the first
quarter of the period, the light goes successively through the out-
put WGs 5, 3, 1, and 2, as ∆Φ increases from 0 to the maximum.
Then, for 0.25TSAW < t < 0.5TSAW the assignment reverses,
going through the output WGs 2, 1, 3, and 5, as ∆Φ approaches
zero. For the second half of the beating cycle, when ∆Φ is neg-
ative, the dynamic allocation of the channels obey the following
sequence: 5, 7, 6, 4, 6, 7, 5. The vertical lines correspond to
the instants t = 0, TSAW/4, TSAW/2, and 3TSAW/4 depicted in
Figure 8(c).
6.5 Wavelength-division multiplexers modulated by sur-
face acoustic waves
Wavelength multiplexers and demultiplexers are key compo-
nents in WDM technology. The latter allows for using all the
frequency channels within the bandwidth of large-capacity op-
tical fibers by combining, before transmission, different wave-
length channels into a single WDM signal. The received WDM
signal can be separated using an inverse device (demultiplexer)
which splits the incoming signal into its constituting wavelength
channels. In these devices, wavelength dispersion is provided by
an array of WG arms, with length calculated so that construc-
tive interference is granted at each output WG for a different
wavelength. This technology plays a pivotal role in nowadays
communications, as it enables very efficient long-distance data
transmission.
The wavelength routing capabilities of WDMs are predeter-
mined during the design stage and cannot be modified dur-
ing operation. Greater wavelength routing flexibility can thus
be achieved if tuning techniques are applied to these devices.
In this way, tuning of WDM devices by use of the thermo-
optic [92–94] or electro-optic [95, 96] effects has already been
demonstrated. In this section, we review the most important re-
sults corresponding to the modulation of WDM devices by use of
piezoelectrically-generated SAWs reported in [80, 91]. The au-
thors demonstrated two different architectures for tunable WDM
devices designed to operate with five equally-spaced wavelength
channels. One layout used MMICs as power splitters and com-
biners, whereas free propagation regions [97, 98] (FPRs) were
employed in the other layout. The spectral properties of the
resulting devices are strongly influenced by the choice of cou-
plers. In both cases, the optical properties of the WG arms were
modulated by a standing SAW generated by two IDTs, and the
dynamic allocation of the wavelength channels with modulation
rates in the low GHz frequency range was demonstrated.
Wavelength multiplexers using N-to-N-way MMICs as power
splitters/combiners are possible by following a similar configu-
ration to that described in Section 6.4 and by choosing the length
of the jth WG arm (`j) to be [80]:
`j = `0 + αj∆` (25)
for j = 1, ..., N , where `0 is the length of the shortest ref-
erence WG arm, αj are integer factors, and ∆` is the length
difference that introduces a phase shift of 2pi/N between adja-
cent wavelength channels. The latter can be explicitly written
as [80, 90, 91]:
∆` =
λ0 (λ0 + ∆λ0)
N∆λ [n0eff − λ0 (dneff/dλ)]
(26)
where λ0 is the design light wavelength, ∆λ is the spacing be-
tween adjacent wavelength channels, and dneff/dλ is the deriva-
tive of the effective refractive index with respect to the optical
wavelength λ. In general, because of the transfer phases be-
tween the input and output WGs in MMICs [87], the optical
length of each WG arm does not increase linearly with respect
to the preceding WG arm. This has important consequences for
the channel assignment, since adjacent wavelength channels are
not necessarily routed towards adjacent output WGs.
The WDM devices modulated by SAWs demonstrated in [80,
91] comprised two 5-to-5-way MMICs of length Lc = 3Lpi/5
linked by an array of N = 5 single-mode WG arms, following
the configuration demonstrated by Paiam and MacDonald [90].
The latter, which leads to considerably shorter WDM devices, is
possible if 25 is modified according to:
`j = `0 + (αj + δαj) ∆`, (27)
where δαj ∈ R are corrections introduced to the αj fac-
tors, which are therefore no longer integers. The authors
calculated ∆` = 19.26 µm for a design optical wave-
length λ0 = 910 nm, TE polarization, and a spacing
between the different wavelength channels ∆λ = ±2 nm.
The calculated αj factors as expressed in 27 were
〈α1 + δα1, ..., α5 + δα5〉 ≈ 〈0, 1.99, 2.98, 4.04, 5.98〉.
Two different solutions of κj factors were essayed, in
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Figure 9: (a) Illustration (not to scale) of the FPRs-based WDM devices demonstrated in [91]. The light is coupled into an input
channel (Input WGs) by means of a optical fibre probe. Next, it is consecutively split and combined by the splitter and combiner
couplers (Coupler 1 and Coupler 2, respectively), which are linked by an array of single-mode WGs (Arrayed WGs). These are
modulated by a standing SAW generated by two IDTs that dynamically modifies the output channel corresponding to a given optical
wavelength. Reproduced from [91]. (b) Top view micrograph of one the devices. An enlarged view of the SAW-light interaction
region, denoted by the white square, is shown in the inset. (c) Measured spectral response of the same WDM device corresponding
to input WG 3 for light with TE polarization. (d) Time-resolved measurements recorded for the light leaving the output WGs of the
device, measured for the input WG 3, light wavelength λ = 899 nm, TE polarization, and a driving power of PIDT = 80 mW on
each IDT. The total transmission is normalized to 1. (b), (c), and (d) adapted from [91].
particular 〈κ1, ..., κ5〉 = 〈∓1/2,∓1, 0,±1,±1/2〉 and
〈∓1,±1/2, 0,∓1/2,±1〉. In order to satisfy the optical
constraints (given by 27) and the acoustic constraints [cf.
Figure 8(b)], the WG arms were placed at the appropriated
positions by means of large-radius S-bends. Two IDTs were
employed to modulate the WG arms. In this configuration,
two counter-propagating traveling SAWs interfered to create
a standing SAW. The WDM devices were fabricated in a WG
sample grown on (100) GaAs wafer similar to that employed
in [63, 85]. With no RF power applied to the IDTs, each
wavelength signal mainly coupled to the output WG previously
determined by the design of the multiplexer. By increasing
PIDT , the different wavelength channels could be sequentially
assigned to each output WG of the device with rate defined by
fSAW.
The operation principle is similar in the second layout built
upon FPRs [cf. Figure 9(a)]. The devices comprised two FPRs
with the same focal length where light diffracts, linked by an
array of single-mode WG arms. In this configuration, the optical
length of the jth arrayed WG arm (`j) linearly increases by a
fixed amount with respect to the preceding WG arm according
20
to the following expression:
`j = `1 + (j − 1) ∆`, (28)
for j = 1, ..., N , where `1 is the length of the shortest ref-
erence WG arm (which corresponds to the WG arm 1), and
∆` = (mλ0/n
0
eff) is the introduced length difference, withm an
integer. This length difference causes a wavelength-dependent
phase change which varies linearly along the output plane of the
arrayed WG arms. As a result, constructive interference will oc-
cur for different wavelengths at different points along the focal
plane of the second FPR, where the output WGs are placed. As
the phase change varies linearly, neighboring wavelength chan-
nels will therefore be selected by adjacent output WGs. This
property also implies that the devices can only be properly tuned
if the SAW-induced phase difference increases linearly between
adjacent WG arms.
The devices demonstrated by the authors were optimized
for a design wavelength λ0 = 900 nm and contained an ar-
ray of N = 5 WG arms, requiring a set of κj factors given
by 〈κ1, ..., κ5〉 = 〈∓1,∓1/2, 0,±1/2,±1〉. The devices were
processed on the same wafer as the WDM devices built upon
MMICs. The required phase shifts to modulate the 900-nm-wide
WG arms were also provided by a standing SAW generated by
two IDTs, identical to those described above. These are clearly
visible in the top view micrograph of Figure 9(b). Figure 9(c)
shows the measured spectral response of the same device, cor-
responding to input WG 3 and TE polarization. Here, it can
be clearly seen that different wavelength channels interfere con-
structively at different output WGs. The time response of the de-
vice can be seen in Figure 9(d), which shows the time-resolved
traces recorded for input WG 3 along one acoustic period, for
light with TE polarization and λ = 899 nm. A total driving
power of PIDT = 80 mW was applied on each IDT. The total
transmission is normalized to 1. Here, the light oscillated be-
tween output WG 3 and adjacent output WGs 2 and 4 during a
SAW cycle. The traces corresponding to the two latter output
WGs were dephased by 180◦ with respect to each other. In con-
trast, two maxima in the transmission were visible at output WG
3 corresponding to the times in which the standing SAW van-
ishes. A negligible modulation was also observed at the outer
output WGs 1 and 5.
7 Conclusions and perspectives
Throughout this paper, we have classified and reviewed the dif-
ferent developments reported during the past years related to the
modulation of optical WG devices by SAWs. First, the funda-
mentals of optical waveguiding in 3D structures was given in
Section 2. Next, the spatial distribution of SAW fields in semi-
conductors as well as the different methods to excite them by
use of monolithic structures have been reviewed in Section 3. In
Section 4, we have discussed the effects of the dynamic SAW
strain on the optical properties of semiconductors and described
how the interaction between SAWs and optical fields in 3D op-
tical WGs can be optimized to design efficient acousto-optical
devices. Next, we have gathered and classified some of the most
important developments regarding the modulation of different
types of optical WG devices by means of SAWs. In particu-
lar, we have reviewed tunable ring modulators and the interest-
ing concept of sub-optical wavelength modulation (Section 5),
as well as Mach-Zehnder interferometers and multiplexers built
upon ridge or rib WGs (Section 6). All these devices offer an
excellent platform for on-chip modulation of optical signals.
Photonic crystals are an interesting alternative to 3D optical
waveguides that can also be combined with them in monolithic
optical circuits. In these structures, periodicity gives rise to a
photonic band gap, which prevents light propagation within a
certain frequency range. By breaking periodicity through the in-
troduction of a line defect, an optical WG can be created where
photons of a given frequency can be guided. If a cavity layer is
placed between two distributed Bragg reflectors or a point defect
is introduced into a 2D photonic crystal, an optical cavity is cre-
ated where photons of a given frequency can be confined. This
extra confinement gives rise to an enhanced interaction between
the optical and the acoustic fields when the photonic crystal is
tuned by use of piezoelectrically generated SAWs. A thorough
study of SAW tuning of optical cavities in 2D photonic crystals
has been done by Fuhrmann et al. [99, 100]. Moreover, SAW
tuning provides an efficient way for fine control of light-matter
coupling when low-dimensional excitonic structures, such as
quantum dots or quantum wells are embedded inside the optical
cavity, paving the way towards important solid state functional-
ities. As an example, the acoustic manipulation using SAWs of
polaritons and its quantum condensates in optical microcavities
with embedded quantum wells, which merge when strong cou-
pling conditions are fulfilled, has the potential to yield important
breakthroughs in the field of quantum simulation. A very recent
review has been done by Cerda-Me´ndez et al. in [101].
Currently, there is an ongoing research effort from research
groups in Europe, Asia, and North America as part of the SAW-
train consortium [102], which covers a great variety of top-
ics from advanced acousto-optic waveguide modulators operat-
ing at telecommunication wavelengths to acoustic transport in
graphene or SAWs for quantum control of device structures. For
all these reasons, everything suggests that the modulation of pho-
tonic structures by SAWs is going to remain the objective of
intense research. In this way, integrated devices of increasing
complexity simultaneously combining different types of optical
waveguiding and confinement as well as different device func-
tionalities should be expected in the coming years.
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